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AC Josephson \oltage Standard Error
Measurements and Analysis

Charles J. Burroughs, Samuel P. BeBenior Member, IEEEand Paul D. Dresselhaus

Abstract—The Josephson arbitrary waveform synthesizer can .
be used as a precision voltage source for both ac and dc signals. Re- \rlgransmussionline
cent improvements in circuit designs have resulted in output volt- p
ages greater than 100 mV rms for ac metrology measurements in &) Vharmonics Vdctherm
the frequency range from 1 to 50 kHz. In this paper, we present ~) Vio z
measurements of several significant error sources that must be con- ~) Vinduc
sidered in order to create an intrinsic ac voltage standard at these
frequencies. These results and the corresponding theoretical anal- Vjunctions
ysis allow us to move toward creating a practical ac Josephson

voltage standard. —:L

‘szelivered

Index Terms—AC metrology, Josephson voltage standard, pre-
cision ac source. Fig. 1. Schematic diagram of the total voltage delivered by the ac Josephson
voltage source to a device under test (DUT), including potential sources of error.

|. INTRODUCTION _
the Josephson source to a room-temperature device under test

ESEARCH at NIST on pulse-driven Jo_seph_son arrays f UT). The most significant sources of error and uncertainty are
ac a_nd dc r_netrology has been ongoing since 1996. \Y&mmarized in Fig. 1, whené ,ctions iS the quantum-mechan-
have.ach|eve.d higher v_oItagg output "?md. |mproveq operatlf&”y accurate voltage produced by the Josephson junctions,
margins by |mplemen_t|ng cﬂfferept biasing techniques an pically a pure sinewave at fundamental frequerfcy;,quc
cwpwt |mprov_eme_nts, mc_ludmg bipolar wavefqrm generatioff y,q voltage generated by the on-chip inductance at the funda-
using a comblr_1at|on of glgahgrtz frequency digital codes arﬁ(liental.Vi0 is the input/output coupling from the drive current to
sinusoidal rf-drive [1], referencing the Josephson outputvoltag(z'ee output leads at the fundaments| .. represents volt-
to grour)d using an ?C'COUF’"”Q technique [2], and des'gn'%%es from all undesired signals at frequencies other than the fun-
appropriate on-chip filters for the low-frequency output Ilneaamemal_Vtmmmiqqionlim is the effect of the transmission line
and bias connections [3]. The circuits described in this pap nnecting’thé chlip to the DUV, is the sum of the dc

combine all these techniques, allowing us to.quanntatlve ¥ermal voltages that are generated at the metal-to-metal inter-
evaluate the performance of the Josephson arbitrary wavefqiag of the output wiring. In order to calculate the exact rms

synthesizer asa voltage source for ac metrology. voltage delivered to the DUT, all of these terms must be either
Our goal is to develop a quantum-based voltage sour %cisely calculable or directly measurable
that delivers precisely calculable rms values for both ac

(sinewaves and arbitrary waveforms) and dc voltage signals.
The ac Josephson source uses a well-known digital—to-ana%@f*livelred = Vijunctions + Vindue + Vio + Vharmonics
conversion technique called delta—sigma modulation [4], which +V transmissiontine + Vdetherm- (1)
allows any arbitrary waveform within the usable bandwidth (dc
to 10 MHz) to be generated by using a predetermined sequencéo determine the rms voltage delivered to the DUT, we must
of pulses clocked at a much higher frequency (10 Gbit/sombine the Josephson array voltage and dominant sources of
Josephson junctions are ideally suited for a delta—sigraeror illustrated in (1). This equation combines all the dom-
modulator because their voltage pulses are perfectly quantizi@nt sources of error, and is basically a summation of vec-
Knowledge of the number of pulses and their position in timi@rs because both the magnitude and phase of each term must
is sufficient to precisely determine the time-dependent voltagge included. It is not a simple rms sum, however, because we
of any synthesized waveform and, in particular, its rms voltageust also consider the frequencies for certain terms (primarily
Vharmonics @NdVictherm)- FUrthermore, the frequency and phase

[I. POTENTIAL SOURCES OFERROR relationships between the various error terms change for dif-
. . . . .ferentfundamental frequenciesigfyctions. FOr example, when
Since we operate these devices with a wide output bandwid] Cetions IS @N ac waveform, some of the terms always com-

(de tp GHz), there are many SOurces of error that ne_ed to INe as a simple RSS (root-sum-squares) summation, such as
considered when computing the actual rms voltage delivered py .
harmonics aNdVacinerm- The effect of such error terms is rela-
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CONTRIBUTION OF AN INDIVIDUAL ERRORTERM THAT COMBINES USING RSS
(SUCH AS A SINGLE HARMONIC), AND THE CONTRIBUTION OF 1000

TABLE |

HIGHER HARMONICS OF THESAME AMPLITUDE

TABLE I
MEASURED AND CALCULATED VALUES OF THE DOMINANT ERROR TERMS
Vindue AND V;,, CREATED BY THE DRIVE CURRENT USED TOBIAS A SINGLE
ARRAY OF 3750 HSEPHSONJUNCTIONS TOPRODUCE A62 MV RMS SINEWAVE

Amplitude of | Contribution of the | Contribution of 1000 Frequenc | Measured Error | Calculated Error
an individual | single harmonic to | such higher harmonics y (Vindue and Vo) (Vinduc only)
harmonic final rms voltage to final rms voltage
-77 dBc +10 nV/V +10 pvV/vV 2.67 kHz 8.2 uV rms 5.6 uV rms
-87 dBe +1 VvV 1 pViv 53.4 kHz 169 KV rms 112 gV rms
-97 dBc +0.1 nV/V +0.1 pV/V
-107 dBc +0.01 nV/V +0.01 pV/vV
TABLE I V.. Table Ill shows measured values for these combined terms

at two different frequencies, and compares them to the expected
value ofVj, 44 calculated from estimates of the on-chip induc-
tance and the drive current/( is not calculable). Sinc&,,quc

CONTRIBUTION OF AN INDIVIDUAL ERRORTERM THAT COMBINES DIRECTLY
(IN PHASE, NOT IN QUADRATURE) WITH Vijunctions

Amplitude of Contribution to should be much larger thas, at these frequencies;, 4. dom-
error signal final rms voltage inates the measurement because the phase difference between
-77 dBc +141 uV/vV them is 90 and they combine in quadrature. Notice that the
-87 dBc +45 VIV magnitude of thé’;, 4. error scales with frequency as expected.
1'37 ch :14 P‘V% If Vi, were zero, these measured valued/gfi... would in-
4 1; dgz +‘1‘j tx ~ crease the rms value 0ficjiverea DY approximately 0.5:V/V

at 2.67 kHz, and by about 4V/V at 53.4 kHz. At the present

effects of other signals at the same frequency. Accurate knoff'e: itis difficult for us to measur#’, independently since it
edge ofV;, is critical, because the part of this error that is ifs Much smaller thai,q... HoweverV, presents a significant
phase With/j,.ctions adds directly (not in quadrature) and thereghallenge since it must be less than 310 nV to keep the corre-
fore has a dramatic effect on the rms voltage. The contributiopONding error less than/s//V when Viunctions = 62mV.
of such in-phase error signals are illustrated in Table I. The fourth term in (1),Vharmonics, represents the contri-
To analyze the individual error sources more fully, we firdution to the total rms voltage made by all signals, including
consider unwanted on-chip signals that may be generated!i{monics, that are not at the desired fundamental frequency,
the superconducting integrated circuit. The drive signal s Since the high-frequency drive signal is four to six orders of
comprised of two basic components—the low-frequency driyg2dnitude higher thag, the fundamental is generated with a
(which is a current of many mA at exactly the fundamental fr&€7Y high degree of spectral purity. In order to see the effect of
quency), and the high-frequency drive (which is the high-spelf eMViarmonics i @ controlled manner, we made a special
pulse train that is coupled through a 10 MHz high-pass f”ter\i\_/gveform. in which we deliberately included 990 harmon_lcs
The sum of these two currents flows through the Josephs#ih amplitudes at 77.34 dB below the fundamental signal [i.e.,
junctions and generates the desired perfectly quantized voltage’-34 dBc (carrier)]. This value was chosen so #iatmonics
signal, Viunctions: as Well as higher—frequency harmonicdvould contributeexactly10 ;V/V to the total rms voltage, and

from the delta—sigma modulation process that are includgbe results of these measurements are summarized in line one of
iN Virmonics. Unfortunately, this same current creates on ble IV. In a similar measurement, line two of Table IV shows

of the main challenges for pulse-driven arrays in that it aldB€ results for the same 990 harmonics added at-tt@0 dBc
flows through the on-chip inductance (of the transmissidgVel- The significance of this second measurement is that the

line between the junctions and the on-chip low-pass filter§fi0S€n values represent typical Josephson array performance

and generates the voltage of the second term inW(L),.. (L00dBcorlower)whichplacés,acmonics fromthe Josephson
Fortunately, Vinque has a phase angle of 90with respect _chlp well be_Iow _the noise floor of our rms voltage-measuring
t0 Vignctions: SO it combines in quadrature With uuctions. instrument (in this case an ac/dc transfer standard).
However, the next term, the input/output coupling voltage
causes more difficulty because it can have a phase angle of 0 IV. ERROR CORRECTIONCIRCUIT
or 180" with respect td/junctions, aNd &s such adds directly (not 1 increase our understanding of the error teffg.. and
in quadrature) to the array voltage. Thids must be orders of - e added a correction circuit shown in Fig. 2 to remove
magnitude smaller than the other error terms in order to Maffse measured error signals. The correction circuit consists
a useful voltage standard’iansmissiontine @Nd Vaciherm 1€  of 3 104 series resistor driven by a separate synchronized
not (_jomlnant_errprs at this time, and have been discussed iloyave signal generator with variable frequency, phase,
previous publications [S]. and amplitude control. With the low-frequency drive on and
the high-frequency drive off, we used a spectrum analyzer to
directly measure the combined voltage frafq.. and V.
Since the two term¥.,,q.. andV;, are due primarily to the Then we applied a sinewave with the same magnitude but
low-frequency drive current, we can directly measure them lopposite phase to exactly cancel these terms to the noise floor
simply turning off the high-frequency drive. In this case, thef the spectrum analyzer, which was abeut20 dBc. When
junctions do not pulséV;,,tions = 0) and the output from the the high-frequency drive is turned back on, the Josephson array
chip measured by the spectrum analyzer is primafily,. and operates normally and the errors dueWgq.. and Vi, are
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TABLE IV test by measuring and canceling certain error voltages. The re-
MEASURED AND CALCULATED VALUES OF THEERRORTERM Viarmonics FOR  glts of these experiments show great promise for creating an
A SINEWAVE OF 62 MV (RMS) WITH 990 INTENTIONALLY ADDED HARMONIC . .
TONES AT TWO DIFFERENT AMPLITUDES intrinsic ac Josephson yoltage standard, but at the same time
demonstrate that circuit improvements are necessary to increase
lf’owef :ICV? hgeasured C;kumed the output bandwidth and to deliver overall uncertainties of parts
or each o harmonics harmonics i
ics nies in 10° or better.
the 990 tones | (rms contribution) | (rms contribution)
-77.34 dBc +12.2 pV/V +10.0 pV/V REFERENCES
-100 dBe Below noise floor +0.05 pviv [1] S.P.Benz, C.J. Burroughs, P. D. Dresselhaus, and L. A. Christian, “AC
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T ° tian, and J. X. Przybysz, “Pulse-Driven josephson digital/analog con-
= verter,”IEEE Trans. Appl. Superconductol. 8, pp. 42—47, June 1998.
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Fig. 2. Schematic diagram that includes the error correction circuit, which
adds an ac voltage of the appropriate amplitude and phase to cancel error terms
Vindue andVi,. Charles J. Burroughswas born on June 18, 1966. He received the B.S. degree
in electrical engineering from the University of Colorado, Boulder, in 1988.
He was with the National Institute of Standards and Technology (NIST),
TABLE V Boulder, first as a student and, since 1988, as a permanent staff member. At
MEASUREMENT OF THEAC—AC DIFFERENCECOMPARING THE RMSVALUE OF  NIST, he has worked in the area of superconductive electronics, including
A SINEWAVE AT 2.67KHz TO THE SAME WAVEFORM AT HIGHER FREQUENCIES  the design, fabrication, and testing of Josephson voltage standards, dig-
WITH AND WITHOUT THE ERRORCORRECTIONSIGNAL (FOR Vinaue AND Vi)  ital-to-analog, and analog-to-digital converters. He has 45 publications and
three patents in the field of superconducting electronics.

Frequenc Uncorrected Corrected )

y ac-ac difference ac-ac difference Samuel P. BenSM'01) was born in Dubuque, IA,
on December 4, 1962. He received the B.A. degree
in both physics and math from Luther College,

8.1 kHz +23 pvV/vV +21 pv/v Decorah, IA, where he graduated summa cum laude
in 1985. He was awarded an R.J. McElroy fellowship

534 kHz -176 pV/IV 32pViV (1985-1988) to pursue the Ph.D. degree, and he

received the M.A. and Ph.D. degrees in physics from
Harvard University, Cambridge, MA, in 1987 and
'l 1990, respectively.

‘ilﬂ He joined the permanent staff at the National Insti-

greatly reduced. This is illustrated in Table V, where we use¢__-
our rms voltage-measuring instrument to measure sinewave/fff
tute of Standards and Technology (NIST), Boulder,

several frequenC|es with and without the error correction S'Q”E'o, in January 1992 after having been chosen as a NIST/NRC Postdoctoral

The corrected signal at 53 kHz is more significant becausgiiow in 1990. He has been Project Leader of the Josephson Array Technology
the contribution of the error signal to the total rms voltag®roject at NIST since October 1999. He has worked on a broad range of topics
is much larger than at 8 kHz. The 20 to aW¥/V difference within the field of superconducting electronics, including Josephson junction
ft. fi be due t ’ ither i fficient calibrati ray oscillators, single flux quantum logic, ac and dc Josephson voltage stan-
arter correction may be due 1o either insutiicient calibration Qjards, and precision arbitrary voltage waveform generators. He has 87 publica-
the transfer standard, or the presencé/Qf;monics at Signals tions and three patents in the field of superconducting electronics.
greater than 10 MHz that are not attenuated by the bandpass 8f- Benz is a member of Phi Beta Kappa and Sigma Pi Sigma
our output voltage leads from the array. :
Although this error correction technique is helpful for demor|
strating the significance df,4.. andV,,, the best way to reduce |
these error terms is to improve the design of the circuits, both | #
the chip and in the output leads. However, the error correctif \|
technique will always be useful at higher frequencies becau
it enables an mcrea_lsed opera}tlng bandW|dtr_1 by providing a and Technology (NIST), Boulder, CO, where he
to decrease error signals at higher frequencies by measuring has developed novel superconducting circuits and

canceling them. broadband bias electronics for precision voltage
waveform synthesis and programmable voltage standard systems. For three
years at Northrop Grumman, he designed and tested numerous gigahertz speed
V. CONCLUSION superconductive circuits, including code generators and analog-to-digital
. . converters. He also upgraded the simulation and layout capabilities at Northrop
We have measured and characterized the dominant SoUrggsman to be among the world's best. His previous work as a Post-Doctoral
of error and uncertainty for the pulse-driven Josephson voltagsistant at the State University of New York, Stony Brook, focused on

standard, and compared those results with the expected err§es hanolithographic fabrication and study of Nb—ANb junctions for

. . . single electron and SFQ applications, single electron transistors and arrays
We have also demonstrated a correction circuit that decreager_Aio . tunnel junctions, and the properties of ultra-small Josephson

the uncertainty in the rms voltage delivered to the device undections.
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